Background: Pelvic ring injuries constitute only 2 to 8% of all fractures; however, they occur in 20% of polytrauma patients. High-energy pelvic fractures often result in mechanical instability of the pelvic ring. Successful treatment of unstable pelvic ring fractures remains a challenge for orthopedic surgeons. This study presents a novel internal fixation method for stabilizing unstable anterior pelvic ring fractures using a minimally invasive modified pedicle screw-rod fixation (MPSRF) technique. Methods: This retrospective study included six patients with unstable pelvic ring injuries who underwent MPSRF, with or without posterior fixation. Intraoperative parameters such as blood loss, operative time, complications, and quality of reduction (Matta criteria) were recorded and evaluated by a blinded reviewer. Results: In the present clinical series, the mean operative times and mean blood loss for unilateral versus bilateral anterior ring fixations were 176.0 min versus 295.6 min, and 153.3 mL versus 550.0 mL, respectively. No iatrogenic neuropraxia of the lateral femoral cutaneous nerve or femoral nerve palsy occurred. The reduction quality, graded by the Matta criteria, was excellent in five patients and good in one patient. Conclusions: There were no infections, delayed unions, nonunions, or loss of reductions during the follow-up period. Only one patient suffered from a broken rod at 4 months postoperatively. The modified technique represents a novel, minimally invasive procedure for the treatment of anterior pelvic ring fractures and offers a reliable and effective alternative to currently available surgical techniques.
Background
Pelvic ring injuries constitute only 2 to 8% of all fractures but occur in 20% of polytrauma patients [1] . High-energy pelvic fractures often result in mechanical instability of the pelvic ring. Pelvic fixation has traditionally been divided into posterior and anterior fixation, and although pelvic stability is mainly sustained by the posterior ring, the anterior ring provides 30% of pelvic stability [2] . Thus, to acquire better reduction of unstable pelvic fractures, a combination of anterior and posterior fixation is needed.
Stabilization of anterior pelvic ring fractures can be achieved via multiple techniques, including external fixation [3] , open reduction and internal fixation with plating, or percutaneous trans ramus screw fixation [4] . External fixation is helpful for initial hemodynamic stabilization, and it involves lower operating time and blood loss than does open surgery. However, there are limitations to this treatment, including pin tract infections, aseptic loosening, hindrance to surgical abdominal access, and difficulties in nursing care [5, 6] . Open reduction has the potential disadvantage of an extensive exposure, which includes muscle stripping, and the risk of damage to neurovascular structures [7] .
With the aim of improving patient comfort and minimizing the complications associated with traditional treatment techniques, minimally invasive techniques have been widely used for anterior pelvic ring fixation. The potential benefits include minimal soft tissue dissection, diminished surgical site infections, and faster patient rehabilitation with better pain control. These procedures comprise subcutaneous implants fixed into the ilium with or without fixation into the parasymphyseal region (reported as the pelvic bridge) [8] , the occipitocervical spinal plate-rod technique [9] , and an anterior subcutaneous pedicle screw-rod internal fixator (INFIX) [10] [11] [12] . However, iatrogenic lateral femoral cutaneous nerve (LFCN) palsy is a common complication of these procedures and is reported in 30 to 48.3% of patients [13, 14] . The placement of pedicle screws in the supra-acetabular region, as in external fixation, and of INFIX, requires incisions directly over the anterior inferior iliac spine (AIIS) with pedicle screws placed in a high-risk zone for LFCN [15] .
Inspired by the pelvic bridge with the plate-rod fixator and INFIX techniques, we designed a new method in which a submuscular pedicle screw-rod device was placed through small incisions over the iliac wing and the pubic region. We modified the pedicle screw position from the AIIS to being over the inner table of the iliac bone and the ipsilateral or contralateral superior pubic ramus, which was dependent on the fracture pattern, fixed with connecting rods. We aimed to evaluate the clinical application of this minimally invasive modified pedicle screw-rod fixation (MPSRF) technique for the treatment of anterior pelvic ring fractures.
Methods
This retrospective clinical series included patients who presented to the Tri-Service General Hospital, a level 1 trauma center in Taiwan, between October 2014 and October 2016. Six patients with unstable pelvic ring injuries underwent anterior fixation using the MPSRF technique, with or without posterior fixation. If posterior ring instability was present, it was first operated on using standard techniques of reduction and fixation methods, such as percutaneous iliosacral screws, percutaneous transiliac plates, or spinal pelvic fixations. The exclusion criteria were (1) hemodynamically unstable patients, (2) infections or soft tissue defects, (3) patients < 16 years old, and (4) insufficiency fractures in elderly patients. Included patients were two men and four women with an average age of 37.6 (range, 28-44) years, four cases of type B (two of type B2 and two of type B3) and two cases of type C (two of type C2) fractures using the Marvin Tile classification [3] . Among them, fracture mechanisms included traffic accidents (n = 1), falls from heights (n = 4), and crush injuries (n = 1). Preoperatively, all patients received a detailed neurological examination and a complete radiological evaluation, including anteroposterior (AP), pelvic inlet, and outlet views, and computed tomography (CT) scans of the pelvis to evaluate the displaced pelvic ring comprehensively. The surgery was scheduled as soon as the patients' physiological condition was stable, with an average duration of 6.8 (range, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] days from injury to surgery (Table 1) .
Surgical technique
All surgical operations were performed by one surgeon with the patients under general anesthesia. Patients were positioned on a radio-transparent operation table in the supine position. The skin was prepared and draped from above the umbilicus to the lower extremities to facilitate the reduction technique. The lateral window of the ilioinguinal approach started at 1 cm proximal to the anterior superior iliac spine (ASIS) and the posterior window extended along the iliac crest with approximately 4-to 5-cm-long curves (Fig. 1a) . The origins of the abdominal and iliacus muscles at the iliac crest were sharply elevated within a limited area. The iliacus muscle from the inner table of the iliac wing was elevated using a blunt dissection, which continued medially to the superior pubic ramus. Flexing the hip was also helpful for relaxing the iliopsoas muscle when small sub-muscular tunnels were being created. Once the two appropriate entry points, 3 to 4 cm apart, were identified, the cortex was opened using a 2.5-mm drill bit at approximately 4 cm medial to ASIS for establishing the bony corridors. Two 4.0-mm-diameter Axon Spine System (Depuy Synthes, Switzerland) polyaxial pedicle screws were inserted in the same direction (Fig. 1b) . The length of the screws varied from 12 to 20 mm, depending on the habitus of the patient. The procedure was repeated for the contralateral hemipelvis if bilateral anterior pelvic fractures were present.
Another transverse Pfannenstiel incision began at one fingerbreadth proximal to the pubic symphysis and was extended laterally for approximately 4 to 5 cm (Fig. 1a) . Sharp dissection was performed on the anterior rectus fascia, and the subcutaneous fatty layer was elevated away from the rectus fascia. The rectus abdominis muscle was split along the linea alba, and the transversalis fascia was opened just proximal to the pubic symphysis to allow access to the retropubic space of Retzius. The bladder was mobilized bluntly from the anterior pelvic ring. The insertion of the rectus abdominis muscle was left intact on the anterior aspect of the pubic rami but was released on the superior border of the pubic rami and symphysis. A sub-muscular plane was created using a blunt dissection along the cranial surface of the superior ramus to the iliac wing where the sub-muscular tunnel from both incisions connected. The placement of the pedicle screws on the ipsilateral or contralateral pubic ramus was determined by the fracture pattern. If pubic symphysis diastasis occurred or the residual fragment of the ipsilateral pubic ramus was not large enough for the placement of the two pedicle screws, screw anchoring to the contralateral pubic ramus was necessary. After the two starting points on the superior plane of the superior ramus were confirmed radiographically, the cortex was opened with a 2.5-mm drill bit to establish the bony corridor towards the inferior ramus. Next, two 3.5-mm-diameter polyaxial pedicle screws were inserted (Fig. 1b) , and safe placement of screw positions was confirmed using the pelvic inlet view. The screw length varied from 20 to 40 mm.
Once both side screws were in place and an acceptable reduction had been achieved, a rod template was placed on the pedicle screws through the submuscular tunnel to estimate its length and curvature. Next, the contoured rod (3.5 mm diameter) was gently inserted in the submuscular tunnel from the incision at the pubic ramus to the iliac wing below the iliacus and psoas muscles. The rod was connected to pedicle screw heads, whose caps were loosely secured to maintain the rod in place. At this point, reduction tools were used to manipulate the fracture site into an appropriate reduction, and the screw caps were locked with a torque screwdriver to maintain the reduction. Radiographs of typical cases are provided to illustrate the preoperative and postoperative changes (Figs. 2 and 3 ). Suitable reduction and implant position were confirmed on the C-arm fluoroscopic AP, inlet, and outlet views. Prophylactic intravenous antibiotics were administered until 24 h postsurgery to prevent infections.
Postoperative management and follow-up
Non-weight-bearing functional exercises of the lower limbs and joints were initiated on the postoperative day 1. Patients were allowed to sit on the bedside at 1 week, and crutch-assisted partial weight bearing was allowed from 6 weeks, postoperatively. They were allowed to walk with full weight-bearing at 8 weeks, postoperatively.
Routine follow-ups for clinical and radiological assessment were scheduled for postoperative weeks 4 and 8; months 3, 6, and 9; and at 1 year. Radiographic images at each follow-up visit included a three-view pelvis series (AP, inlet, and outlet). At all visits, thorough neurological examinations focused on LFCN and the femoral nerves, physical examinations focused on pelvic stability, and local irritation of the implants was performed.
Outcome measures
Outcome measures were total operation time, blood loss, complications, reduction achieved from surgery, and fracture healing time. Radiographs were assessed by a specialist surgeon with experience in pelvic surgery, who was blinded to all identifiable patient information. The results of fracture reduction were graded based on published criteria [16] as excellent (0-5 mm), good (5-10 mm), fair (10-20 mm), and poor (> 20 mm), according to the maximal residual displacement of the fracture site in the three-view pelvis series. Fracture healing was determined by the progression of callus formation until radiographic union and by the ability of the patient to bear weight without pain. Failure of fixation was assessed by implant breakage, uncoupling of the instruments, or by loosening at the screw-bone interface. Specific complications for our technique included injuries of LFCN, the femoral artery, femoral vein, femoral nerve, and the round ligament in women or the spermatic cord in men. Moreover, other general complications included infections, erosion of the soft tissue overlying the implant, loss of fracture reduction, implant failure, nonunion, and heterotopic ossification.
Results
In our series, one patient underwent anterior fixation using MPSRF alone and five patients underwent both anterior and posterior fixations. These five patients included two patients with percutaneous iliosacral screws and spinal pelvic fixations, one patient with a percutaneous Fig. 2 A 39-year-old woman with anterior and posterior pelvic ring injuries caused by a fall. a Preoperative pelvic radiology series (AP, inlet, outlet view) demonstrating left superior and inferior pubic ramus fractures combined with a sacral fracture. b Preoperative 3D reconstructed CT images (AP, inlet, outlet view). c Postoperative pelvic radiology series (AP, inlet, outlet view) demonstrating percutaneous iliosacral screws, spinal pelvic fixation, and the modified pedicle screw-rod fixation. d Postoperative pelvic radiology series (AP, inlet, outlet view) at 22 months follow-up, demonstrating bone union transiliac plate and spinal pelvic fixation, one patient with a percutaneous transiliac plate, and one patient with spinal pelvic fixation. Three patients underwent unilateral anterior ring fixation, and the other three patients underwent bilateral fixation. The average operative time and mean intraoperative blood loss for unilateral anterior ring fixation were 176.0 (range, 151-194) min and 153.3 (range, 100-200) mL, and 295.6 (range, 282-312) min and 550.0 (range, 350-700) mL for bilateral anterior ring fixation. The mean time of injury-to-surgery was 1 day in the patient who underwent anterior pelvic ring fixation alone and 8 (range, 2-14) days in patients who underwent both anterior and posterior fixation (Table 1) .
No iatrogenic neuropraxia of LFCN or femoral nerve palsy occurred after the surgeries. No intraabdominal hollow organ injury or urinary bladder injury was observed in relation to screw insertion. In addition, no patient experienced postoperative complications such as hemorrhagic shock, deep venous thrombosis, or wound infections.
All patients were followed up for an average of 26.7 (range, 14-40) months, and no one died or was lost to follow-up. During the follow-up period, healing was achieved in all pelvic fractures at a mean postoperative period of 4 (range, 3-6) months. Fracture reduction was excellent in five patients and good in one patient, postoperatively (Table 1) . No loss of reduction, delayed osseous union, nonunion, malunion, loss of fixation, loosening of implant, or heterotopic ossification was observed in physical and radiographic examinations during the follow-up period. One patient suffered from a broken connecting rod at 4 months postsurgery, but complete fracture healing without discomfort was noted. All the patients could sit normally, stand, squat, and lie in the prone position or on either side and were reintegrated into society without any restrictions. The implant was removed in one patient, 8 months postoperatively, at the patient's request. Five patients preferred to retain the device and have reported no problems to date.
Discussion
Successful management of unstable pelvic fractures remains challenging for orthopedic surgeons, and the optimal fixation technique remains controversial. To combine the advantages of the pedicle screw-rod system and the pelvic bridge techniques for treating unstable anterior pelvic ring fractures, we designed a new form of minimally invasive pelvic fixation using pedicle screw-rod fixators, which were applied submuscularly from the iliac wing to the superior pubic ramus. This method can be used for patients with residual instability in the anterior ring after the posterior pelvis has either been fixed or verified to be stable by stressing the pelvis intraoperatively under fluoroscopy.
The concept of minimally invasive plate osteosynthesis in pelvic fractures has recently been introduced. Yu et al. introduced a minimally invasive plate osteosynthesis technique for pubic ramus fracture treatment [17] . Owing to the lack of direct visualization, some anatomic structures, including LFCN, the femoral artery, femoral vein, femoral nerve, and the round ligament in women or the spermatic cord in men, are theoretically at risk of injury during implant placement. LFCN irritation is the most prevalent iatrogenic neurovascular complication during surgical treatment of anterior ring fractures. Temporary LFCN neuropraxia was observed by Vaidya et al. [18] in up to 30% of the 91 patients included in their study. A previous study verified that placement of implants over AIIS could be complicated with LFCN injury and hip joint capsule violation [19] . Furthermore, INFIX pedicle screw placement requires deep dissection in the space between the sartorius and the tensor fasciae latae muscles where LFCN is vulnerable. Hence, we changed the pedicle screw positions of the ilium from the AIIS, a high-risk zone for LFCN, to the inner table of the iliac wing medial to the ASIS level, which is further away from LFCN (Fig. 1b) . Theoretically, the selected locations of the pedicle screws were relatively safe areas for surgical dissection, implant application, and removal. However, with a 2.9 to 4% incidence of unusual superolateral course, the nerve may be endangered during dissection over the anterior aspect of the iliac wing when the attachment of the pelvic bridge construct is contemplated [8, 15] . To avoid potential impingement on LFCN, medial and lateral fixation of the implant should be performed under direct visualization and after careful dissection [20] .
In previous bridge techniques, the subcutaneous corridor was created directly from the iliac crest to the pubic tubercle with a high risk of neurovascular injury and abdominal perforation. The connecting rods of the pedicle screws in the MPSRF technique were fixed through the submuscular tunnel, below the vital neurovascular bundles, as mentioned above. Alternatively, Hoskins et al. [21] attributed traction-induced neuropraxia to the large size of lumbar pedicle screws but the implants used in the MPSRF technique are small cervical pedicle screws. Unlike other studies, there were no cases of postoperative temporary LFCN neuropraxia in our series; this might be explained by the changes in screw positions, the application method of the connecting rod, the smaller diameter of screws, and our meticulous approach during dissection because of our awareness of this complication based on previous studies.
A cadaveric study found that the femoral nerve is at the greatest risk of compression by the rod [22] . In the MPSRF technique, the connecting rod was placed under the muscular and neurovascular structure; therefore, the compression force of the femoral nerve could be minimized, thus decreasing the risk of femoral nerve injury. In our series, no femoral nerve palsy was noted during the follow-up period. Theoretically, the MPSRF technique is relatively protective of nerves compared to other subcutaneous techniques for anterior pelvic ring injuries. One of the limitations of our study was the small sample size and the limited follow-up duration, which might explain the absence of neurovascular complications. Future studies with larger sample sizes and longer follow-up periods may reveal the actual incidences of the complications related to the MPSRF technique.
In the INFIX technique, large-diameter lumbar spinal pedicle screws, ranging from 6.5 to 7.5 mm, were used for fixation [23] . In the MPSRF technique, we used small-diameter pedicle screws, ranging from 3.5 to 4.0 mm, which are used in cervical spinal surgery. While Owen et al. [24] reported fixation failure with small-diameter screws salvaged by larger screws in morbidly obese patients, we increased the number of screws in the MPSRF technique for fixation of the anterior pelvic ring. Two to three pedicle screws were used in the INFIX technique, while four screws were used in MPSRF. The thinner screw head of smaller pedicle screws not only prevented soft tissue irritation, it also preserved more space for adjacent screw placement. Although Vigdorchik et al. pointed out that anterior neutralization plate fixation is stiffer than INFIX for fracture stability at the pubic symphysis [25] , the lack of a biomechanical study that compared fixation stability between MPSRF and plate osteosynthesis limited our study. Based on our results, we believe that smaller-diameter and more pedicle screws could provide suitable and acceptable fixation stability in anterior pelvic ring fractures without loss of reduction, osseous nonunion, or loosening of screws during the follow-up period, although biomechanical testing is required for verification.
The type of pedicle screw determines the performance of fixation stability, with monoaxial screws providing significantly greater stiffness than polyaxial screws [26] . However, the polyaxial screws used in the MPSRF technique reduced the difficulty of rod manipulation. The use of a monoaxial screw by an inexperienced surgeon may be challenging because the accurate placement of screws is mandatory for precise positioning of the connecting rod. Conversely, polyaxial screws allow inaccuracies in their placement. Further biomechanical studies on the MPSRF fixation device are necessary to verify our results.
Previous studies have shown that subcutaneous devices are typically palpable in the lower abdominal fold, and surgeons recommend implant removal at a mean postoperative period of 1.5 to 9.4 months once the patient's injuries have healed and their symptoms have plateaued [27] . However, the submuscular device in the MPSRF technique was not palpable and did not require removal in the absence of complications.
This study has some noteworthy limitations. First, the small sample size and lack of long-term follow-up warrant future multicenter prospective studies for final evaluation. Second, our analysis was based on clinical cases in the prediction of the stability of the fixation technique, and a biomechanical study is necessary for more convincing conclusions. Third, this study does not report functional outcomes, and a long-term functional score analysis is necessary. Fourth, the MPSRF technique used US Food and Drug Administration-approved implants for cervical spinal fixation for an unapproved method in the pelvis. It is thus an off-label use.
Conclusions
The operative time of the MPSRF technique was relatively longer than that in previous subcutaneous techniques, which might be explained by the deeper approach of dissection, the more complex implants used, and bilateral anterior pelvic ring fractures. The blood loss in our series was not as low as that in other subcutaneous techniques, which might be due to the open direct reduction methods we employed and the longer surgical time of the MPSRF technique.
The MPSRF technique afforded satisfactory clinical and radiological outcomes with fewer complications in the present study. We believe that the modified technique represents a novel minimally invasive procedure for the treatment of anterior pelvic ring instability and offers a reliable and effective alternative to current surgical techniques. 
